Ablation of snow over sea ice is an important physical process affecting the Arctic surface energy balance. An improved understanding of the spatial and temporal variations in snowmelt onset could be utilized to improve climate simulations in the Arctic, as well as monitor the Arctic for signs of climate change. Utilizing an updated approach for monitoring snowmelt onset over Arctic sea ice, spatial variability in passive microwave derived snowmelt onset dates is examined from 1979 through 1998. The improved technique, termed the advanced horizontal range algorithm (AHRA), utilizes temporal variations in 18/19 GHz and 37 GHz passive microwave horizontal brightness temperatures obtained from the scanning multichannel microwave radiometer-(SMMR) and the Special Sensor Microwave/Imager (SSM/I) to identify snowmelt onset. A qualitative assessment of spatial variability in snowmelt onset discusses the 1979 through 1998 mean snowmelt onset pattern, and it also illustrates that there are significant variations in snowmelt onset on an annual basis. Principal component analysis of the snowmelt onset dates suggests snowmelt onset variability is dominated by a zone of abnormally early (late) snowmelt onset near the Siberian coast and another zone of abnormally late (early) snowmelt onset near Baffin Bay. Statistical analysis between the first principal component and March-June monthly averaged Arctic Oscillation values implies that variations in snowmelt onset are related to alterations in the phase of the spring Arctic Oscillation. 24,033
Introduction
Snow plays an integral role in defining the Arctic's surface energy balance by influencing sensible and latent heat exchanges as well as the surface albedo. For instance, wet snow, with a relatively low albedo, absorbs approximately 45% more solar radiation than dry snow [,4bdalati and Steffen, 1995] . The transition from a highly reflective dry snow cover to an absorptive wet snow cover also plays an important role in the temperature-albedo feedback mechanism [e.g., Curry et al., 1995] ; melting snow decreases the surface albedo, leading to additional energy absorption, warmer air temperatures, and consequently additional snowmelt. Partly on the basis of this feedback mechanism, general circulation models typically predict climate warming in the Arctic region will be enhanced under doubled CO2 scenarios [e.g., Gates et al., 1999; Maxwell et al., 1998 ]. An accurate method of monitoring snowmelt onset could therefore be used to validate and improve climate simulations during the Arctic snowmelt period. An improved understanding of the spatial and temporal variability in snowmelt onset could also be used as a proxy climate indicator.
The main objective of this paper is therefore to describe an improved technique for monitoring snowmelt onset dates over Arctic sea ice, based on the approach of Anderson [1997] . Satellite passive microwave data are used to derive the snowmelt onset dates because 1) microwave emission is sensitive to liquid water inclusions in the snowpack, 2) data collection is not significantly influenced by cloud cover and does not require solar illumination, and 3) a fairly continuous satellite passive microwave data set is available from 1979 through 1998 (from 1979 through August 1987, data were collected every second day, while from August 1987 through 1998, data were collected every day). For the purposes of this study, "snowmelt onset" is defined as the point when microwave brightness temperatures increase sharply due to the development of liquid water in the snowpack. It coincides with the "early melt" season discussed by Livingstone et al. [1987] , and it is important to note that meltfreeze cycles may occur after the snowmelt onset date.
In addition to discussing improvements in the Anderson [1997] algorithm, this paper qualitatively discusses interannual variability in snowmelt onset by examining annual snowmelt onset distributions, as well as mean, range, and standard deviations maps of snowmelt onset. Furthermore, principal component analysis is used to quantitatively examine spatial variability in snowmelt onset, while correlation analysis is utilized to illustrate that the Arctic Oscillation (AO) may exert a significant influence over snowmelt onset in some areas.
Background
The theoretical concepts underlying the use of microwave radiometry for snowmelt onset detection are well developed [e.g., Carsey, 1992] . The acquired microwave T• at a given frequency and polarization is a function of the surface emissivity at the given frequency and polarization as well as the physical temperature of the emitting medium [ [Eppler et al., 1992] . The emissivities over multiyear ice tend to have a wider range due to the varied histories of the floes. The overall lower emissivities in multiyear ice are related to the highly porous nature of multiyear ice, which leads to increased volume scattering and subsequently reduced emission [Grenfell, 1992] .
As air temperatures increase in spring, liquid water forms between the snow grains [Colbeck, 1986] 
The increase in T• values due to liquid water formation is, however, related to the frequency, such that the difference in T• values between 18 GHz and 37
GHz changes from positive in winter to zero or negative at snowmelt onset [e.g., Kunzi et al., 1982] . By monitoring daily variations in the difference between 18 GHz and 37 GHz horizontal polarization TB values, Anderson [1997] formulated an algorithm for detecting snowmelt onset over first-year and multiyear sea ice surfaces with SMMR and Special Sensor Microwave/Imager (SSM/I) data (note that SSM/I data are from 19 GHz and 37 GHz). Termed the horizontal range (HR) algorithm, snowmelt onset is calculated as the date when the difference between 18/19 GHz and 37 GHz horizontal polarization is less than or equal to 2 K. An examination of HRderived snowmelt onset dates showed large spatial and temporal variability [Anderson, 1997; Anderson and Drobot, 1999] , which is partly related to low-frequency atmospheric circulation [Drobot and Anderson, 1999] . Several other studies used passive microwave data to detect snowmelt onset over Arctic sea ice, including Comiso and Kwok [1996] , who showed latitudinally averaged SSM/I data could be used to detect melt. However, they did not attempt a systematic mapping of the spatial and temporal variability with their data. Parkinson [1992] spatial and temporal averaging of the orbital data, sensor errors, leads, and possibly mixed ice types, spurious snowmelt onset signatures are occasionally derived with the HR on days when the air temperature is clearly too low for snowmelt onset to occur (e.g., day 80 in Figure 1 ). In these cases the daily progression of differences in 19 GHz and 37 GHz brightness temperatures often returns to levels similar to those found prior to day 80 because there have not been any major physical changes in the snowpack. In contrast, when melt onset is more likely to occur (day 121), the time series of differences between 19 GHz and 37 GHz brightness temperatures changes rapidly from day to day after the source of microwave emission, and continuous metamorphism in the snow grains likely leads to large changes in the observed microwave signatures from one day to the next. Therefore empirical evidence suggests that the temporal pattern in 18 GHz (19 GHz on SSM/I) and 37 GHz brightness temperatures contains information that is useful to melt detection.
Computation of Snowmelt Onset Dates Over
By using the theoretical basis that the 18 GHz (19 GHz on SSM/I) and 37 GHz brightness temperatures should merge at melt onset, and the empirical findings that the temporal pattern in the differences between 18 GHz (19 GHz on SSM/I) and 37 GHz brightness temperatures changes after melt onset, an improved version of the HR algorithm, termed the advanced horizontal range algorithm (AHRA), is utilized to determine melt onset. The AHRA exploits changes in the difference between 18 GHz GHz emissivities being greater than 37 GHz emissivities. Volume scattering in the snowpack also reduces the microwave emission to a greater degree at 37 GHz than 19 GHz [e.g., Grenfell, 1986] , further enhancing the difference between 19 and 37 GHz TB values. When the IABP/POLES air temperatures near 0øC, the 37 GHz TB approaches, and often surpasses, the 19 GHz T•, resulting in the derivation of snowmelt onset. In some cases the AHRA-derived snowmelt onset date occurs slightly before the POLES air temperature reaches 0øC, consistent with the findings of Barber et al. [1995] , who noted liquid water formation in Arctic snowpacks prior to 0øC air temperatures. Crane and Anderson [1994] also demonstrated snowmelt onset can occur at subzero temperatures with marked increases in solar radiation. Physically, the addition of sensible heat to the snowpack alters the geometric structure of the snow grains [Colbeck, 1986] , and as liquid water may form on these snow grains, the resulting decrease in the emissivity difference Winebrenner et al. [1994] . Smith [1998] states his algorithm was confused by an early warming at this point, which apparently did not affect the AHRA. Other differences between the AHRA and Smith [1998] are likely due to differences in the calculation of snowmelt onset, including preprocessing of the data. As previously mentioned, data for the AHRA algorithm were initially converted to a consistent time series record, which Smith
[1998] did not perform. Overall though, there is good correspondence in the three methods. The mean absolute difference between the AHRA data and Smith's calculations is 2.59 days, while the mean absolute difference between the AHRA and the SAR data is 2.10 days, and the mean absolute difference between Smith's data and the SAR computations is 2.20 days (Table 1 ). The estimated error in the AHRA data is 
Mean Snowmelt Onset Pattern
The 20-year mean snowmelt onset dates show snowmelt onset progresses roughly in a radial pattern, beginning with snowmelt along the southern ice edges and progressing northward ( 
Annual Snowmelt Onset Maps
In order to gain a better qualitative understanding of the variability in snowmelt onset, the distribution of the annual melt pattern (Figure 6) , annual melt maps, and annual melt anomaly maps (Figure 7) (Figure 7) . In comparison with the other three years that have a similar melt distribution, 1998 displays a much more hemispherically based melt pattern (Figure 7) . For instance, very early snowmelt is observed over much of the western hemisphere, especially in the Arctic Ocean. Later than average snowmelt is comparatively noticed in the Kara and Barents Seas, as well as the Arctic Ocean directly north of these Kara and Barents Seas (Figure 7) .
Enhanced melting toward the latter stages of the melt period is also noted for 1989, 1991, and 1995 (Figure 6) 
